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Available online 11 May 2016Wedetected long-term hydrostatic pressure changes at ocean-bottom stations of the Dense Oceanﬂoor Network
system for Earthquakes and Tsunamis (DONET) along the Nankai trough, off southwestern Japan. We detected
these changes after removing the contributions of ocean mass variations and sensor drift from the records. In
addition, we detected a decrease in the background seismicity rate of a nearby earthquake cluster that was
synchronous with the hydrostatic pressure changes. We interpreted these observed hydrostatic pressure
changes to reﬂect vertical deformation of the ocean ﬂoor of 3–8 cm, and we consider the cause of the seaﬂoor
crustal deformation to be a slow slip event (SSE) beneath the stations. Because the pressure changes were
observed at stations with distances less than 20 km to each other, we inferred that the SSE occurred in the
shallow part of the sedimentary wedge, such as on a splay fault system. The synchronous observation of an
SSE and a seismicity rate change suggests that both were triggered by a change in the regional stress that may
be associated with stress accumulation and release processes occurring along the Nankai trough. These data
show that continuous and careful monitoring of crustal activities by DONET stations provides an effective way
to detect seismic and geodetic signals related to the occurrence ofmegathrust or other types of large earthquakes.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Along the Nankai trough, off southwestern Japan, the Philippine Sea
(PHS) plate is subducting beneath the Eurasia (EUR) plate at a conver-
gence rate of 4–6 cm/year (e.g., Miyazaki and Heki, 2001; Kreemer
et al., 2003). Megathrust earthquakes have repeatedly ruptured
segments along this trough at intervals of 100–200 years (e.g., Ando,
1975). These earthquakes caused serious and widespread damage in
central and western Japan due to their strong ground motion and
earthquake-triggered tsunamis. Recently, aseismic slow slip events
(SSEs) have also been shown to occur repeatedly along this trough.
For example, in the Tokai region, along the easternmargin of the trough,
an SSE started in 2000 and continued for several years (e.g., Ozawa et al.,
2002; Miyazaki et al., 2006). During the 2000 Tokai SSE, Matsumura
(2006) detected a seismicity change around the source region that
was attributed to a change in the stress state along the Nankai trough
caused by the SSE. In the same region, SSEs accompanied by non-. This is an open access article undervolcanic tremor with durations of 2–3 days have also been observed
(Hirose andObara, 2006). Below the Bungo channel, at thewesternmost
end of the Nankai trough, SSEs have been observed repeatedly
(e.g., Hirose et al., 1999). Intensive geodetic observations suggest that
SSEs also occurred immediately before the 1944 Tonankai and 1946
Nankai megathrust earthquakes (e.g., Linde and Sacks, 2002). SSEs
along the Nankai trough have been accompanied by various types of
slow events, including low-frequency earthquakes, non-volcanic trem-
or, and shallow, very low frequency (VLF) earthquakes (e.g., Ozawa
et al., 2004; Hirose and Obara, 2005; Hirose et al., 2010).
Many studies have also reported the occurrence of SSEs and seismic-
ity changes around the source region of megathrust earthquakes in
other subduction zones. Several years before the 2011 Tohoku
earthquake (Mw = 9.0), Ito et al. (2013) detected an SSE along the
plate boundary that occurred simultaneously with a seismicity change,
and another SSE again occurred just several months before the
mainshock. Before the 2003 Tokachi-oki earthquake (Mw = 8.3), off
Hokkaido Island, northern Japan, seismic quiescence was observed
around the source region that was attributed to pre-slip on a deep
extension of the mainshock fault (Ogata, 2005b; Katsumata, 2011).the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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earthquakes, including inland earthquakes, occurred (e.g., Ogata, 1998,
2001). Ogata (2005a) proposed that a seismicity change could be used
as an indication of a change in the stress state. In particular, a decrease
in seismicity might be related to aseismic slip around a source region
occurring before a large earthquake. Therefore, the synchronous
occurrence of SSEs and seismicity changes may reﬂect aspects of the
preparatory process for large earthquakes. Thus, to understand stress
accumulation and release in subduction zones, detailed investigations
of such events, which can be obtained by careful monitoring of seismic
activity and crustal deformation around trough axes across a broad
range of space and time, are needed.
To monitor seismic activity along the Nankai trough and the
generation of tsunamis by large earthquakes, the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC) has deployed
a permanent ocean-bottom observation network, called the
Dense Oceanﬂoor Network system for Earthquakes and Tsunamis
(DONET; Kaneda et al., 2015; Kawaguchi et al., 2015), off the Kii
Peninsula (Fig. 1). In DONET, ﬁve science nodes are connected to a
backbone cable, and four stations are connected to each science
node (Figs. 1 and 2). All 20 stations were installed by August 2011.
At each DONET station, a broadband seismometer and a strong-
motion seismometer are installed for seismic observations and pres-
sure observations are made by a hydrophone, a quartz-type pressure
gauge, and a differential pressure gauge. The quartz-type pressure
gauge records hydrostatic pressure, and the others observe sound
waves in the water. Data from the sensors are digitized on-site with a
sampling frequency of 200 Hz per channel by a 24-bit A/D converter.
Data from the quartz-type pressure gauge is sampled at 10Hz. Digitized135.0˚ 136.0˚
32.0˚
33.0˚
34.0˚
Foreshock
2004/09/05 MJMA =
Nankai tro
ugh 
T
Nankai EQ
Kii
 Pe
nin
sul
a
Fig. 1.Map showing the distribution of seismic stations around the Kii Peninsula. Inverted trian
Squares indicate the location of DONET science nodes, and the solid blue lines indicate the route
foreshock, mainshock, and largest aftershock of the 2004 off the Kii Peninsula earthquakes; thei
1944 Tonankai and 1946Nankai earthquakes (Kanamori, 1972). The source areas of expected N
Promotion, 2001). Thick dashed line indicates the estimated location of theNankai trough axis. P
in Fig. 2. The inset shows the location of the mapped area in Japan.data are transferred in real time to our laboratory at JAMSTEC. The pri-
mary objective of the pressure observations is to detect tsunami signals,
but with careful analysis of the data, it is possible to infer seaﬂoor depth
changes due to vertical crustal deformation from long-term hydrostatic
pressure changes (e.g., Baba et al., 2006; Polster et al., 2009).
Using data from DONET, Nakano et al. (2013, 2014) determined
hypocenter distributions along the Nankai trough in detail and
found that most of the present seismic activity overlaps the after-
shock distribution of the 2004 off the Kii Peninsula earthquakes
(MJMA = 7.1, 7.4, and 6.5; Fig. 1). This earthquake sequence consti-
tutes the most notable seismic activity in the observation area in re-
cent years. From the aftershock distribution (e.g., Sakai et al., 2005),
the earthquakes were inferred to be intraplate events that occurred
within the subducting PHS plate. Immediately and several years
after these shocks, shallow VLF earthquakes were also detected in
this region (Obara and Ito, 2005; Sugioka et al., 2012). To understand
the preparatory processes of megathrust earthquakes along the
Nankai trough, it is crucial to monitor the various types of seismic ac-
tivity, including SSEs occurring there. Real-time observations from
DONET can provide data for this purpose. In addition, the earthquake
catalog of Nakano et al. (2013, 2014), which was obtained by apply-
ing the double-difference method (Waldhauser and Ellsworth,
2000), is incomplete. With this method, some earthquakes that
cannot be grouped with the others are omitted. Therefore, a full
investigation of the seismicity along the Nankai trough is still needed.
In this study, we investigated seismic activity beneath the
Nankai trough by using DONET seismometer records to create a
comprehensive earthquake catalog between February 2012 and
May 2014. We also evaluated vertical deformation by carefully137.0˚ 138.0˚
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Fig. 2. The distribution of earthquake hypocenters (circles) between February 2012 and
May 2014 determined in this study. (a) Map view. The color and size of the symbols
indicate the source depth and earthquake magnitude, respectively. Inverted gray
triangles show DONET stations, and squares show science nodes. Each station and
science node is identiﬁed by its code. Three earthquake clusters are enclosed by
rectangles. (b) Cross-section along the gray dashed line shown in Fig. 2a. Earthquakes
and stations distributed within 10 km width from the line are plotted. Dashed line
indicates location of the splay fault (Nakanishi et al., 2008).
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Fig. 3. Frequency–magnitude (ML) relationship of earthquakes in our catalog. The curve
shows the cumulative number of earthquakes larger than a given magnitude.2. Data analyses and results
To construct the earthquake catalog, we used data from the
broadband seismometers (Guralp CMG-3T, ﬂat velocity response from
50 Hz to 360 s) at the DONET stations. We also used data obtained from
land stations on the Kii Peninsula operated by the Japan Meteorological
Agency (JMA) and the National Research Institute for Earthquake
Prediction and Disaster Prevention (NIED). To detect changes in the
hydrostatic pressure at the ocean-ﬂoor DONET stations, we used data
from the quartz-type pressure gauge (Paroscientiﬁc Inc. 8B7000-2).
We analyzed data recorded between February 2012 and May 2014.2.1. Seismic activity off the Kii Peninsula
To investigate the temporal changes in seismicity around the Nankai
trough off the Kii Peninsula, we determined earthquake hypocenters by
themethod of Hirata andMatsu'ura (1987).Wemanually picked the ar-
rival times of P- and S-wave ﬁrst motions to determine the hypocenter
locations. We assumed the same layered P- and S-wave velocity struc-
tures used by Nakano et al. (2013, 2014), who assumed a Vp/Vs ratio
of 1.8, where Vp and Vs are the P- and S-wave velocities, respectively.
Earthquake local magnitude (ML) was determined from the maximum
amplitude of the vertical velocity seismograms (Watanabe, 1971).
We determined the hypocenters of more than 8000 earthquakes
near the trough axis, most of which could not be detected by land
observations alone (Fig. 2). Only about 800 of these earthquakes are
listed in the JMA catalog, which was compiled for the same observation
period and area but by using only data from land stations. Most of the
earthquakes occurred in the aftershock area of the 2004 off the Kii
Peninsula earthquakes, as reported by Nakano et al. (2013, 2014), but
scattered activity was observed over the entire observation area.We di-
vided the seismic activity during the study period into three clusters
(Fig. 2): Cluster I was located beneath stations connected to B node,
Cluster II was in the area of the source centroid locations of the
mainshock and largest aftershock of the 2004 earthquakes, and Cluster
III was beneath stations connected to C node. Most of these earthquakes
occurred in the subducting PHS plate. The activity in clusters I and IIwas
in the oceanic crust and mantle, respectively, and the activity in Cluster
III extended from the oceanic crust to the mantle (Nakano et al., 2014).
In comparison to the active seismicity around the sources of the 2004
earthquake sequence, very limited activity was detected in the source
region of the 1944 Tonankai earthquake.
The frequency–magnitude relationship of earthquakes in our catalog
(Fig. 3) had an almost constant slope of about−1 for earthquakes of ML
larger than 1.5, satisfying the Gutenberg–Richter law, and the slope of
smaller earthquakes approached 0, reﬂecting the detection limits of
DONET. Accordingly, in our analyses of seismicity changes we set the
lower cut-off magnitude (ML) to 1.5. A plot of the cumulative number
of earthquakes with ML larger than 1.5 against time of occurrence
(Fig. 4) shows that the seismicity rate, which was almost constant up
to the end of 2012, subsequently decreased with the seismicity change
being particularly evident after the middle of 2013.
To determine when and where seismicity changes occurred, we
plotted the cumulative number of earthquakes in each earthquake
cluster against time (Fig. 5). We also summed the number of
earthquakes in 5 day windows and plotted the sums against time
(Fig. 5). The results show decreases in seismicity in all of the clusters,
but the starting date of the decrease differs among the clusters. In
Cluster I, the seismicity rate was almost constant before 18 June 2013,
when an earthquake with ML = 4.1 occurred, the largest earthquake
in this cluster during the observation period. The seismicity rate
decreased after this earthquake, although it was followed by many
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Fig. 4. Cumulative number of earthquakes with magnitude (ML) larger than 1.5 plotted
against the time of the events.
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93K. Suzuki et al. / Tectonophysics 680 (2016) 90–98aftershocks. In Cluster II, the seismicity seemed to decrease from about
the beginning of 2013, although no distinct seismic event occurred near
that time and the exact timing of the decrease is not clear in the original
data. The seismicity in Cluster III ﬂuctuated somewhat during 2012 and
the ﬁrst half of 2013, and clearly decreased after that. Decreases seemed
to follow brief seismicity increases, corresponding to somewhat larger
earthquakes occurring in April and May 2013.
2.2. Change in the background seismicity
Weobserved changes in the seismicity, but earthquakes are general-
ly accompanied by aftershocks and seismicity rate apparently increases
after the occurrence of major earthquakes. To remove such apparent
changes and to better evaluate the background seismicity quantitative-
ly, Ogata (1989) proposed the Epidemic-Type Aftershock Sequence
(ETAS) model. We applied the ETAS model to our data to quantitatively
investigate the seismicity changes.
The ETAS model assumes that all earthquakes cause aftershocks
according to the modiﬁed Omori law (Omori, 1894; Utsu, 1969, 1970),
and it represents the seismicity rate λ(t) by superimposing the
inﬂuences of all earthquakes before time t:
λ tð Þ ¼ μ þ
X
tibt
ki
t−ti þ cð Þp;
ð1Þ
where μ is the background seismicity rate. The parameters ki, p, and c
deﬁne the decay rate of the seismicity as deﬁned in the modiﬁed
Omori formula. The sum is taken for all earthquakes that occurred0
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The dependence of the constant ki for the i-th earthquake on the
earthquake's magnitudeMi is given by
Ki ¼ K0eβ Mi−M0ð Þ; ð2Þ
where M0 is the lower cut-off magnitude of the data set, β is the
excitation efﬁciency of the aftershocks, and K0 is a constant.
We estimated the parameters of the ETAS model independently for
each earthquake cluster by the maximum likelihood method (Ogata,
1989). Because the background seismicity rate (μ) was assumed to be
constant during the analysis period and our objective was to determine
when changes in the seismicity rate occurred, we estimated the
parameters using only the ﬁrst half of the observation period of the
earthquake catalog. For the estimation of the ETAS parameters, we
used earthquakes larger than magnitude (ML) 1.5 during the period
between 1 February 2012 and 31 May 2013. Using the estimated
parameters, we synthesized the expected seismicity rate by using the
earthquake catalog as an input.
We plotted the ETAS expectations for the cumulative number of
earthquakes synthesized by using the estimated parameters (Fig. 5a,
dashed lines) and then examined the residuals of the observed seismic-
ity relative to the ETAS expectations (Fig. 5b). As in case of the original
seismicity data, before 2013 the seismicity rate of all clusterswas almost
constant and the deviation from the ETAS expectations was small.
Subsequently, the observed cumulative seismicity in Cluster II began
to decrease relative to the ETAS expectation in April or May 2013,
after which the slope of the cumulative seismicity curve (Fig. 5a)
remained almost constant until the end of the analysis period, indicat-
ing that the seismicity rate was again in a steady state. We also
recognized decreases in the seismicity rate in the other clusters,
but the timing of the decrease differed. In Cluster I, the decrease in
seismicity occurred on 18 June 2013, the occurrence date of the ML =
4.1 earthquake. In Cluster III, the seismicity decrease occurred after
August to September 2013, when increased seismicity was observed,
as described above.
2.3. Ocean-bottom pressure changes at the DONET stations
Recordings of the ocean-bottom hydrostatic pressures from the
quartz-type pressure gauges include signals from (1) changes in sea
level due to ocean tides, atmospheric pressure changes, other ocean
dynamics such as the meandering of ocean currents, and changes due
to tsunamis, (2) changes in the station depth due to crustal deformation,
and (3) sensor drift and random noise.
The ocean tide component had the largest amplitude (up to
~10 kPa). We used the BAYTAP-G program (Tamura et al., 1991) to
remove this component. We estimated the amplitudes of the periodic
tidal component from data recorded between 16 April 2012 and 15
July 2012. Although BAYTAP-G can also remove the effect of atmospher-
ic pressure changes, we did not have suitable data for their removal
because DONET stations are far off the coast and recordings from
barometers on land did not match the DONET data.
After the removal of the tidal component (Fig. 6), periodic variations
in the ocean-bottom pressure changes with durations longer than sev-
eral days and very similar among all stations were evident. In addition,
some stations showed a subtle trend of increased pressure with time,
and records from some stations showed step changes: KMA01on 24
December 2013, and KME17 on 23 February and 19 November 2013.
Because these step-change signals lasted several tens of seconds and
the other pressure gauges at the same station did not show similar sig-
nals, these steps were attributed to sensor noise. Signals due to ocean-
bottom pressure changes caused by atmospheric pressure changes
and non-tidal ocean-dynamic mass variations should be the same at
stations located close enough to each other within 20 km because the
signals have long wavelengths. We computed average time series ofthe pressure records for the four stations connected to each science
node to represent contributions of these signals, which are subtracted
from the pressure records at each station. We then removed the sensor
drift by ﬁtting a straight line to the data obtained between 1 February
2012 and 31 January 2013 at each station. Sensor drift can be represented
by the superposition of an exponential decay function on a linear function
(Polster et al., 2009), but the value of the exponential function becomes
negligible severalmonths after installation of the sensor; therefore,ﬁtting
a straight line is suitable for our data. The resultant pressure changes
(Fig. 7) also support this assumption. The linear trend is between 0.1
and 4.4 hPa/year.
After the contributions from sea level changes due to ocean tides and
other ocean dynamics and sensor drift were removed, the resultant
pressure changes (Fig. 7) reﬂect contributions from local sea level
changes, changes in the station depth, and random sensor noise.
Because the average taken over the adjacent stations was subtracted,
the pressure changes represent relative values at stations connected to
the same science node. The pressure changes at the stations connected
to A and E nodes show step variations, which were caused by
subtracting an average that included the step sensor noise at one of
the stations as described above. Therefore these apparent offsets
are not real.
Aside from small pressure variations, most stations showed nearly
constant values, but we recognized slight but clear deviations from
constant values at stations connected to the B node. The pressure at
KMB05 started to decrease around March to April 2013, and the
pressures at KMB06 and KMB07 started to increase at around the
same time (Fig. 8). These changes clearly continued to September or Oc-
tober of 2013, after which the pressure became fairly stable. The devia-
tions were approximately −8, 6, and 3 hPa at KMB05, KMB06, and
KMB07, respectively. We inferred that these pressure changes repre-
sented depth changes at the stations because the signals continued for
more than one year and such long-term changes are very hard to
explain by sea level variations due to ocean dynamics. The pressure
changes obtained at each station are relative values, as described above,
but because the pressure variations at KMB08 with and without subtrac-
tion of the average were approximately constant during the observation
period (Figs. 6 and 8), we consider the pressure changes obtained at the
other three stations to represent approximately absolute values. We
note that the starting date of the pressure changes approximately
coincides with the start of the seismicity decrease in Cluster II, which is
southeast of the B node, where the pressure changes were observed.
3. Discussion and conclusion
By using DONET data, we detected hydrostatic pressure changes at
ocean-bottom stations off the Kii Peninsula around the Nankai trough
that were synchronizedwith seismicity decreases in nearby earthquake
clusters. These changes in hydrostatic pressure can be interpreted as
vertical movements of the seaﬂoor at the stations. Under the assump-
tion of a quasi-hydrostatic equilibrium (e.g., Hino et al., 2009), the
observed pressure changes correspond approximately to an uplift of
8 cm at station KMB05 and subsidences of 6 and 3 cm at stations
KMB06 and KMB07, respectively. This would be the ﬁrst time that
long-term transient crustal deformations have been detected from
ocean-bottom observations immediately above the Nankai trough.
We interpret the cause of this long-term ocean-bottom deformation
to be an SSE occurring beneath these stations because of the following
reasons. The gradual changes in the deformation that continued for
several months imply an SSE. In addition, the crustal deformation due
to the earthquake of ML 4.1 on 18 June 2013, the largest during the ob-
servation period, is not sufﬁcient to cause the observed deformation.
Cumulative slip due to the background seismicity is trivial. Furthermore,
it might be difﬁcult to explain that local but long-term pressure changes
were caused by the small-scale ocean mass variations. Therefore we
attributed the observed crustal deformation to an SSE.
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Fig. 6.Ocean-bottom pressure changes at the DONET stations with the ocean tide component removed. Deviations from 1st February 2012 are shown. Vertical scale is given
at the upper left.
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Cluster II, southeast of the stations where the pressure changes
were observed. Therefore, we suggest that the seismicity change
and the SSE were closely related to each other; either one triggered
the other, or both were caused by a change in the stress ﬁeld around
the source region. For further interpretation, the location of the SSE
must be considered.
One possible location for the SSE source is along the plate boundary
as previous studies have reported (e.g., Hirose et al., 1999; Ozawa et al.,
2002). The SSE along a plate boundary can be considered as a prepara-
tory process of a futuremegathrust earthquake, whichmight be accom-
panied by the decrease of the seismicity rate surrounding the source
fault (e.g., Ogata, 2005b; Katsumata, 2011). Slow crustal deformation
was also observed immediately before the 1944 Tonankai and 1946
Nankai earthquakes along the Nankai trough, which was caused
by aseismic slip along the down-dip side of the mainshock rupture
fault (e.g., Linde and Sacks, 2002). Our observations of the vertical
deformation were above the up-dip edge of the hypocenters of the1944 Tonankai and 1946 Nankai earthquakes (e.g., Kanamori, 1972;
Takemura and Kanda, 2007). SSEs along the plate boundary have been
reported to have focal mechanisms similar to one of a megathrust
earthquake (e.g., Hirose et al., 1999; Ozawa et al., 2002). However, we
observed uplift at the landward station KMB05 and subsidence at the
seaward stations KMB06 and KMB07, a pattern opposite to what
would be expected for a reverse fault slip on the plate boundary (see
Fig 7 in Ariyoshi et al., 2014). Therefore, our observations would not
be consistent with an SSE with a thrust faulting mechanism on the
plate boundary.
Another possibility is that the SSE occurred in the sedimentary
wedge, above the plate boundary. We observed the crustal deforma-
tions at only three adjacent stations with distances less than 20 km
(Fig. 2). Besides we did not detect signals related to this crustal
deformation from onshore GPS stations near DONET, which are far
from the sedimentary wedge. This is consistent with the absence of
similar signals at DONET stations near shore (A and E nodes). Therefore
the source fault of the SSE might be a small fault, such as a splay fault,
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Fig. 7. Ocean-bottom pressure changes at the DONET stations, obtained by removing the ocean mass variations and sensor drift from the data shown in Fig. 6.
96 K. Suzuki et al. / Tectonophysics 680 (2016) 90–98in the shallow region beneath these stations. A splay fault system has
been found in the sedimentarywedge just below the stations connected
to the B node (Fig. 5 in Nakanishi et al., 2008). VLF events have been
observed along these splay faults (Ito and Obara, 2006), indicating
that they are active and have the potential to cause slow slip. Reverse
fault slip on a splay fault between stations KMB05 and KMB06 could
explain the observed vertical deformation, although no VLF events
were detected during the observation period. There are also other
types of faults in the sedimentarywedge. Tsuji et al. (2014) demonstrat-
ed that a strike-slip motion on a shallow part of a mega-splay fault sys-
tem releases a large portion of the trench-parallel component of oblique
plate subduction. Ito et al. (2005) determined the centroidmoment ten-
sors of the aftershocks of the 2004 off the Kii Peninsula earthquake and
detected strike-slip and normal fault events that occurred at depths
shallower than 5 km around the splay fault system. The SSE in our
observations could have occurred on one of these faults.
To investigate which fault model is suitable for the observations, we
carried out a preliminary analysis using theoretical displacements dueto a fault slip (Okada, 1992). Assuming fault models considered above,
we determined the fault parameters by trial and error to explain the
observed displacements at the stations connected to B node. The fault
is assumed to be located beneath these stations. Fig. 9 shows the
comparisons of vertical displacements for the assumed fault models.
A slip on a splay fault mostly explains the observations, while a slip on
the plate boundary is not consistent with the observations. Further
careful investigations, beyond the scope of the present study, are
necessary to determine the detailed fault location and geometry of the
SSE because of the limited number of observations.
The observed seismicity rate changes were synchronous with the
SSE and in an adjacent area, suggesting that the two phenomena are
closely related to each other. A possible explanation is that changes in
the stress ﬁeld caused by the SSE changed the seismicity. Both phenom-
ena started at almost the same time (around March to May 2013). The
decrease in the seismicity rate continued until the end of the analysis
period (Fig. 4), but the ocean-ﬂoor pressure changes indicate that the
SSE ended around October 2013 (Fig. 7). In addition, the seismicity
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Fig. 8. The same as Fig. 7 but showing only the pressure changes at stations connected to the B node. The vertical scale has been magniﬁed.
97K. Suzuki et al. / Tectonophysics 680 (2016) 90–98rates in Cluster I, which is located between the B node stations and Clus-
ter II, and in Cluster III, which is located beneath stations connected to C
node, remained constant while the pressure changes were occurring.
The seismicity rate changes in Clusters I and III occurred severalmonths
after the start of the SSE: The decrease in the seismicity rate in Cluster I
was caused by theML 4.1 earthquake, and the decrease in the seismicity
rate in Cluster III was evident afterwards. Therefore, the relationship
was not as simple as one triggering the other such as a change in the
Coulomb stress caused by the SSE altering the seismic activity. Rather,
these phenomena must have resulted from changes in the stress state
in a wider region. The relative plate motion between the PHS and EUR
plates controls the regional stress ﬁeld in the region, and changes in
the regional stress ﬁeld would be caused by temporal changes in the
accumulation and/or release of stress at the plate boundary; such
changes are a part of the preparatory process for the next megathrust
earthquake. We inferred, therefore, that changes in the regional stress
ﬁeld triggered the SSE, which has already ended, and also caused the
change in the seismicity rate, which is ongoing. Seismicity changes
can be used to monitor changes in the stress ﬁeld, as proposed by
Ogata (2005a), because the background seismicity rate varies in re-
sponse to changes in the stress ﬁeld in and around the source region.
We need to continuously and carefully monitor seismicity and crustal
deformation to understand the preparatory process of megathrust and
other types of large earthquakes along the Nankai trough, so that we
can mitigate the severe damage caused by strong ground motion and
tsunamis generated by such large earthquakes.−9
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Fig. 9. Comparisons of observed and calculated vertical displacements of SSE assuming the
fault geometries. Gray bars indicate the observed displacements. Red, green, and blue bars
are calculated displacements assuming a slip on the plate boundary, a splay fault, and a
strike slip fault, respectively.Acknowledgments
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